Introduction
============

Inflammation plays a central role in the development and progression of atherosclerosis.

An early stage in the development of this disease involves circulating leukocytes that adhere to the activated endothelium and migrate into the subendothelial space. Infiltrates of activated macrophages and T lymphocytes are observed in human and experimental atherosclerotic lesions \[[@b1]\].

In the subendothelial space, macrophages take up ox-low-density lipoprotein (LDL) through their scavenger receptors and develop into foam cells, a hallmark of atherosclerotic disease. In addition, activated endothelial cells (EC) express scavenger receptors, take up modified lipids and get charged with lipid drops \[[@b2]\]. Chemokines, such as Monocyte chemoattractant protein 1 (MCP-1) and Regulated on Activation, Normal T Expressed and Secreted Protein (RANTES) are important for monocyte/macrophage and T cell recruitment to the lesion \[[@b3]\]. CXCL16, a recently discovered CXC chemokine \[[@b5]\], has been found to be expressed in human atherosclerotic lesions \[[@b7]\]. It is identical to the scavenger receptor SR-PSOX, which mediates uptake of oxidized LDL \[[@b9]\]. As a chemokine, CXCL16 is special because it is expressed in a membrane-bound form inducing cell-cell adhesion by ligating CXCR6 chemokine receptor on lymphocyte subsets \[[@b10]\] and also shed to soluble form \[[@b11]\], guiding the migration of activated Th1 and Tc1 cells to the sites of inflammation \[[@b5]\].

Hyperhomocysteinemia has been considered an independent risk factor for atherosclerosis but the underlying mechanism remains elusive. Elevated concentrations of Hcy seem to be harmful for EC \[[@b12]\], whereas pathophysiologically relevant concentrations as found in patients with mild hyperhomocysteinemia seem to induce functional endothelial changes summarized as endothelial dysfunction \[[@b13]\]. Recently, it has been shown that exposure of cultured EC to Hcy leads to endothelial activation with increased expression of chemokines, like MCP-1 and IL-8 \[[@b14]\] and adhesion molecules \[[@b15]\].

It has been reported that Hcy increases the production of reactive oxygen species (ROS) from T lymphocytes and their proliferation rate in ApoE-deficient mice maintained under high-methionine diet, insinuating that hyperhomocysteinemia may be involved in the pathogenesis of atherosclerosis by enhancing T cell response \[[@b17]\]. Moreover, Hcy enhances ROS production in EC and activates NF-κB which triggers increased Intercellular Adhesion Molecule 1 (ICAM-1) expression and adhesion of monocytes \[[@b18]\].

Due to its anti-inflammatory, and antioxidant actions, the perox-isome proliferator-activated receptor-7 (PPAR-γ) family of nuclear hormone receptors has been intensively investigated in models of vascular inflammation. Activation of PPAR-γ counteracts the induction of pro-inflammatory chemokines, such as MCP-1 in cytokine-treated human vascular EC \[[@b19]\]. Recently, it has been observed that PPAR-γ agonists decrease hyperhomocysteinemia and cardiac dysfunction \[[@b20]\]. In addition, PPAR-γ which is expressed in vascular EC \[[@b21]\] ameliorates the Hcy-induced EC activation \[[@b22]\].

In this study we investigated whether relevant pathophysiolog-ical levels of Hcy modulate the CXCL16 expression on EC and recruitment of CXCR6^+^ lymphocytes *in vitro* and *in vivo* via a PPAR--γ-dependent mechanism.

Materials and methods
=====================

Chemicals
---------

[d,l]{.smallcaps}-Hcy, [l]{.smallcaps}-Hcy thiolactone hydrochloride and [l]{.smallcaps}-Cys were from Sigma Chemical Co. and freshly prepared first as 100 mM stock solutions in Dulbecco\'s Modified Eagle\'s Medium (DMEM) medium supplemented with 10% FBS. [l]{.smallcaps}-Hcy was synthesized from its thiolactone by hydrolysis in 0.1 M NaOH \[[@b23]\]. Tumour necrosis factor (TNF)-α, interferon (IFN)--γ and Tiron were from Sigma Chemical Co. Pioglitazone was from Takeda Chemical Industries^®^ (Osaka, Japan) and GW9662 from Tocris (Bristol, UK). Monoclonal anti-human PE conjugated CXCR6 antibody, monoclonal goat anti-human CXCL16 antibody, Fluorescein Isothiocyanate (FITC) conjugated secondary antibody anti goat IgG, PE-conjugated anti goat IgG antibody and goat IgG isotype control were from R&D Systems. The Omniscript kit for reverse transcription was obtained from Qiagen (Hilden Germany). GoTaq DNA polymerase and the PCR reaction buffer were purchased from Promega (Mannheim, Germany). DiI-oxLDL was purchased from Intracel (Frederick, USA). Cell culture media, Foetal Bovine Serum (FBS), antibiotics, and accutase were from PAA Laboratories; TRIZOL was from Invitrogen and Ficoll from GE Healthcare.

Cell lines
----------

Human embryonic kidney epithelial cell (HEK293) line was transfected with the human CXCR6 receptor \[[@b24]\]. EA.hy926 cell line \[[@b25]\] and primary human umbilical vein EC (HUVEC) were used as experimental models of endothelial monolayer. EA.hy926 cells, derived by fusing HUVEC with the permanent human cell line A549/8 as described \[[@b25]\] are widely used to study EC specific gene expression and endothelial cell-leukocyte interactions, as they express EC markers, adhesion molecules \[[@b26]\] and secrete chemokines \[[@b27]\]. HUVEC were isolated from umbilical cord by digestion with collagenase and cultured in EC growth medium (PromoCell) containing 10% heat-inactivated FBS, and antibiotics. Passages 2 and 3 were used for the experiments. EA.hy926 and HEK293 cells were maintained in DMEM containing 4.500 mg\\l D-glucose, 10% heat-inactivated FBS and antibiotics.

Sorting human CXCR6^+^ lymphocytes
----------------------------------

CXCR6^+^ human peripheral lymphocytes were isolated from buffy coats of five healthy human volunteers by Ficoll separation followed by CXCR6 staining with the monoclonal anti-human CXCR6-PE antibody (2.5μxg/∼1 × 10^6^ cells), sorting using the FACS Aria (Becton Dickinson and propagated with human recombinant Interleukin-2 (25 U/ml) as reported previously \[[@b28]\].

Fluorescent labelling of cells
------------------------------

CXCR6-HEK293 cells or human primary lymphocytes were washed in serum-free Hank\'s balanced salt solution (HBSS) and 1 **×** 10^7^ cells/ml were incubated with 5 **μ**M BCECF/AM (Molecular Probes) in serum free HBSS (prepared as 1 mg/ml stock in anhydrous Dimethylsulfoxid (DMSO) and stored at (20°C) for 30 min. at 37°C and 5% CO~2~. Cells were then washed with HBSS and re-suspended in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with 10% FBS at a density of 5 **×** 10^5^ cells/ml.

Static adhesion assay
---------------------

Adhesion of CXCR6-HEK293, respectively human CXCR6^+^ lymphocytes to EC was studied under static conditions as described previously \[[@b18]\]. Briefly, EC grown to confluence on 24-well plate were incubated for 24 hrs with varying test substances. After washing, they were co-incubated with 2′, 7′-bis-(2-carboxyethyl)-5-(6\')-carboxyfluorescein acerox-ymethyl ester (BCECF/AM) labelled CXCR6-HEK293 cells or human CXCR6^+^ lymphocytes for 30 min. at 37°C on a rotating platform. After removing the non-adherent cells by washing, the relative fluorescence was determined using a fluorimeter TECAN Spectra Fluor Plus (excitation 485 nm and emission 535 nm).

Determination of CXCL16 mRNA by RT-PCR
--------------------------------------

Total RNA from EC stimulated 24 hrs with Hcy was isolated by Trizol method. After reverse transcription using the Omniscript kit, the cDNA was amplified using the specific pair of primers for human CXCL16 with the following sequences: 5′-ACTCGTCCCAATGAAACCAC-3′ and 5′-ATGAA-GATGATGGCCAGGAG-3′.

Determination of CXCL16 surface expression by flow cytometry
------------------------------------------------------------

After 24 hrs incubation with the test chemicals including Hcy, EC were washed with PBS and labelled with the goat anti-human CXCL16, followed by a secondary labelling with the FITC-labelled antibody against goat IgG. The fluorescence was quantified using the FACS Calibur (Becton Dickinson) and CellQuest software. The median of the specific fluorescence intensity was used as a marker for expression of the respective epi-tope. Nonspecific fluorescence was detected by using isotype-matched non-binding antibody and subtracted.

Uptake of DiI-labelled oxidized human LDL
-----------------------------------------

EC were stimulated for 24 hrs with Hcy and/or other chemicals and after washing, the cells were incubated at 37°C for 4 hrs with 10 μg/ml DiI-oxLDL. Then, the DiI-oxLDL media was gently removed from cells, which were washed 3--4 times with probe-free media. Cells were then detached from the plate by treatment with Accutase for 5 min. at 37°C and fixed with 2% formaldehyde in PBS for 20 min. at RT. The fluorescence was quantified using the FACS Calibur and the 514 nm excitation respectively 550 nm emission filters.

*in vivo* model of peritoneal inflammation
------------------------------------------

One millilitre of Hcy and/or other chemicals dissolved in PBS was injected in the peritoneum of each wild-type C57-Black6 mouse used for the experiment (three independent experiments, three mice per condition). Phosphate Buffer Saline (PBS) and 4% thyoglycolate were used as control. Peritoneal cells were isolated by peritoneal lavage from the peritoneal cavity 4 days after injection. 2 **×** 10^6^ cells were incubated for 1 hr at Room Temperature (RT) in FACS buffer containing rat anti-mouse CXCR6 antibody. PE-conjugated secondary antibody was then added, and the mixture was incubated at RT for 45 min. The cells were then washed and fixed in 2% formaldehyde before undergoing flow cytometry analysis.

In parallel, cell free peritoneal lavage was investigated for the presence of soluble CXCL16 using a validated and sensitive sandwich ELISA system for murine CXCL16 from R&D systems.

Animal experiments and study protocols were approved by local authorities, complying with German animal protection laws.

Statistical analysis
--------------------

Data are reported as means **±** SEM and analysed by factorial [anova]{.smallcaps} and post-hoc comparisons. Differences in dose-responses were tested with two-way repeated measures [anova]{.smallcaps} with post-hoc analysis performed with Fisher\'s PLSD and Bonferonni/Dunn procedures. Statistical significance was defined as a *P*-value \< 0.05.

Results
=======

CXCL16 expression on homocysteine-activated endothelial cells
-------------------------------------------------------------

To investigate whether pathophysiological relevant concentrations of Hcy would influence the endothelial expression of CXCL16, RT-PCR analysis of Hcy-stimulated EC using CXCL16 specific primers was performed. As shown in [Figure 1](#fig01){ref-type="fig"}, 24 hrs treatment with [d,l]{.smallcaps}-Hcy considerably up-regulated the CXCL 16 mRNA expression in cultured EA.hy926 cells to a similar extent co-stimulation with the two cytokines TNF-α and IFN-γ (both 20 ng/ml), that are known to synergize in CXCL16 expression \[[@b11]\]. By contrast, in [l]{.smallcaps}-Cys-treated ECs the CXCL16 expression was similar to that in unstimulated cells.

![CXCL16 expression in homocysteine-treated endothelial cells. (**A**) EA.hy926 cells were incubated for 24 hrs with [d,l]{.smallcaps}-Hcy, [l]{.smallcaps}-Hcy, [l]{.smallcaps}-Cys, and investigated for the expression level of CXCL16 and β-actin mRNA by RT-PCR. Untreated cells and cytokine-stimulated cells (tumour necrosis factor \[TNF\]-α+ interferon \[IFN\]-γ) were used as control. The CXCL16 pcDNA plasmid (100 pg/ml) was used as positive control for the PCR. (**B**) 24 hrs incubation with [d,l-]{.smallcaps}Hcy and [l]{.smallcaps}-Hcy but not [l]{.smallcaps}-Cys significantly and dose-dependently increased the expression level of CXCL16 on the surface of EA.hy926 cells as *determined* by the change in relative fluorescence intensity (n = 4 experiments, \**P* \< 0.05 versus control). In the presence of Tiron, Hcy\'s stimulatory effect was diminished (^\$^*P* \< 0.05 *versus*[l]{.smallcaps}-Hcy). In (**C**) representative FACS histograms for CXCL16 expression on Hcy-stimulated EC are shown.](jcmm0012-1700-f1){#fig01}

Next, CXCL16 surface expression was determined by flow cytometry ([Fig. 1B and C](#fig01){ref-type="fig"}). [d,l]{.smallcaps}-Hcy dose-dependently increased endothelial surface expression of CXCL16. The effect reached significance by incubation with 100 and 200 μM [d,l-]{.smallcaps} Hcy and [l-]{.smallcaps} Hcy. This effect was specific for L-stereoisomer of Hcy but not for [l]{.smallcaps}-Cys. These observations suggest that Hcy but not other related thiols induce the *de novo* synthesis and surface expression of CXCL16. Notably, Hcy-induced CXCL16 expression was significantly diminished in the presence of the antioxidant Tiron ([Figure 1B](#fig01){ref-type="fig"}). The functional consequences of these effects will be addressed in detail in the following experiments.

Dose-dependent and stereospecific increase in adherent human primary lymphocytes to homocysteine-stimulated endothelial cells
-----------------------------------------------------------------------------------------------------------------------------

Membrane bound CXCL16 serves as an adhesion molecule by binding the specific receptor CXCR6 which is known to be expressed on some sets of lymphocytes \[[@b10]\]. CXCR6-expressing HEK293 cells were investigated for adhesion to EA.hy926 mono-layer ([Fig. 2A](#fig02){ref-type="fig"}). Pre-incubation of EC with 200 μM [d,l]{.smallcaps}-Hcy or [l]{.smallcaps}-Hcy for 24 hrs significantly increased the number of adhering CXCR6-HEK293 cells ([Fig. 2B and C](#fig02){ref-type="fig"}) compared to untreated EC.

![Adhesion of CXCR6-HEK293 cells to homocysteine-stimulated endothelial cells. (**A**) HEK293 cells were transfected to stably express CXCR6 as shown by flow cytometry. (**B**) As determined by the fluorescence signal of adherent CXCR6-HEK293 cells, Hcy but not [l]{.smallcaps}-Cys significantly increased the adhesiveness of EC (n = 5 experiments; \**P* \< 0.05 *versus* control). Pre-treatment of Hcy-stimu-lated EC with a neutralizing antibody against CXCL16 diminished Hcy\'s stimulatory effect (\$*P* \< 0.05 *versus*[l]{.smallcaps}-Hcy only). In (**C**) representative microscopy pictures showing adhesion of CXCR6-HEK293 cells to unstim-ulated and Hcy-stimulated EC are presented.](jcmm0012-1700-f2){#fig02}

Next, human peripheral lymphocytes were sorted for CXCR6 expression ([Fig. 3A](#fig03){ref-type="fig"}) and expanded for 3 days by culturing with IL-2. Lymphocytes uniformly expressing CXCR6 ([Fig. 3B](#fig03){ref-type="fig"}) were then assessed for adhesion to Hcy-activated EA.hy926 cells. As shown in [Figure 3C](#fig03){ref-type="fig"}, [l]{.smallcaps}-Hcy induced more than twofold up-regulation of CXCR6^+^ lymphocyte adhesion. TNF-α (20 ng/ml) was used as positive control. By contrast, [l]{.smallcaps}-Cys, had no significant effect on adhesion of either CXCR6-HEK293 cells or CXCR6^+^ lymphocytes.

![Adhesion of CXCR6^+^ lymphocytes to homocysteine-stimulated endothelial cells. (**A**) Peripheral blood CXCR6^+^ lymphocytes were sorted and after 3 days culture with IL-2, CXCR6+ lymphocytes (**B**) were assayed for adhesion to Hcy-stimulated EA.hy926 cells (**C**). Hcy, but not [l]{.smallcaps}-Cys increased the adhesion of CXCR6-sorted lymphocytes (n = 5 experiments; \**P* \< 0.05 *versus* control). Tumour necrosis factor (TNF)-a was used as positive control. The neutralizing antibody against CXCL16 significantly decreased Hcy-induced lymphocyte adhesion (\$*P* \< 0.05 *vs*. [l]{.smallcaps}-Hcy).](jcmm0012-1700-f3){#fig03}

To confirm the functional relevance of increased CXCL16 expression on Hcy-incubated EC, EA.hy926 cells were incubated with 200 μM [l]{.smallcaps}-Hcy for 24 hrs, followed by incubation with a blocking antibody against human CXCL16 (10 μg/ml) or an iso-type control, and the adhesion assays were performed. Blocking CXCL16 significantly reduced Hcy-induced CXCR6-HEK293 cell adhesion ([Fig. 2B and C](#fig02){ref-type="fig"}) and, more importantly, also human CXCR6^+^ lymphocyte adhesion to EC ([Fig. 3C](#fig03){ref-type="fig"}). These findings demonstrate a significant involvement of CXCL16 in increased adhesiveness of Hcy-activated EC.

CXCL16-mediated uptake of oxidized LDL by homocysteine-stimulated endothelial cells
-----------------------------------------------------------------------------------

The membrane bound CXCL16-variant functions not only as adhesion molecule by binding the specific receptor CXCR6, but also as scavenger for modified lipids \[[@b10]\]. To explore whether the scavenger activity of [cxcl]{.smallcaps}16 might be enhanced by Hcy, the uptake of DiI-oxLDL by [ec]{.smallcaps} was studied using [facs]{.smallcaps} analysis. [d,l]{.smallcaps}- and [l]{.smallcaps}-Hcy-incubated EA.hy926 cells showed a significant increase in DiI staining ([Fig. 4](#fig04){ref-type="fig"}), whereas [l]{.smallcaps}-Cys had no significant effect.

![Hcy\'s stimulatory effect on uptake of DiI-labelled oxLDL by endothelial cells. (**A**) EA.hy926 cells were assayed for binding of DiI-oxLDL by flow cytometry. (**B**) Binding of DiI-oxLDL to EC was significantly increased by 24 hrs stimulation of EC with Hcy but not by treatment with [l]{.smallcaps}-Cys (n = 4 experiments; \**P* \<0.05 *versus* untreated control cells). Pre-incubation of Hcy-activated ECs with neutralizing antibody against CXCL16 significantly dimished the uptake of oxLDL (^\$^*P* \<0.05 *versus*[l]{.smallcaps}-Hcy only). (**C**) Representative photomicrographs indicate increased uptake of oxLDL by Hcy-treated EC.](jcmm0012-1700-f4){#fig04}

To confirm the involvement of CXCL16 in the uptake of oxLDL by Hcy-incubated EC, EA.hy926 cells were incubated with 200 μM [l]{.smallcaps}-Hcy for 24 hrs, followed by incubation with a blocking antibody against human CXCL16 (10 μg/ml) or an isotype control, and the DiI-oxLDL binding assays were performed. Blocking CXCL16 significantly reduced uptake of oxLDL by Hcy-treated EC ([Fig. 4](#fig04){ref-type="fig"}). These data indicate that the scavenger receptor activity of CXCL16 contributes to increased oxLDL uptake by Hcy-activated EC.

Effect of antioxidants and PPAR-γ modulators on homocysteine-induced CXCL16 expression and function
---------------------------------------------------------------------------------------------------

Since the antioxidant Tiron significantly reduced Hcy-induced CXCL16 expression we further investigated whether oxidative stress modulators would affect CXCL16 up-regulation and function. Co-incubation of EC with [l]{.smallcaps}-Hcy together with the antioxidant Tiron significantly diminished Hcy\'s stimulatory effect on oxLDL binding and adhesion of CXCR6-HEK293 cells or CXCR6^+^ lymphocytes ([Fig. 5A, B and C](#fig05){ref-type="fig"}). Similarly, the PPAR-γ agonist Pioglitazone significantly reduced oxLDL binding and cell adhesion. Co-incubation with GW9662, an antagonist of PPAR-γ, slightly increased Hcy-induced oxLDL uptake and CXCR6^+^ lymphocyte adhesion to EC ([Fig. 5A and B](#fig05){ref-type="fig"}).

![Effect of reactive oxygen species (ROS) scavenger (Tiron), agonists (Pioglitazone) and antagonists (GW9662) of peroxisome proliferator-activated receptor-7 (PPAR-γ) on oxLDL binding and adhesion of CXCR6^+^ lymphocytes to homocysteine-stimulated endothelial cells. 24 hrs incubation of EA.hy926 cells with Hey together with Tiron or Pioglitazone but not GW9662 (5μM) significantly diminished oxLDL binding (**A**), adhesion of CXCR6-HEK293 cells (**B**) and CXCR6-sorted primary human lymphocytes (**C**). (n = five experiments, \**P* \< 0.05 *versus* control; *P* \< 0.05 *versus*[l]{.smallcaps}-Hcy 200 **μM**).](jcmm0012-1700-f5){#fig05}

Expression and function of CXCL16 in hcy-incubated primary endothelial cells
----------------------------------------------------------------------------

In order to reproduce the major findings using primary EC, HUVECs were stimulated 24 hrs with Hcy, with/without other chemicals, and assessed for FACS analysis, adhesion assay and oxLDL uptake. The results presented in [Table 1](#tbl1){ref-type="table"} show that Hcy significantly increased the CXCL16 surface expression on HUVEC and triggered adhesion of CXCR6^+^ lymphocytes and binding of oxLDL in a CXCL16-dependent manner. These events could be significantly diminished by Tiron and PPAR-γ agonist.

###### 

Expression and function of CXCL16 in hcy-incubated primary endothelial cells

  Condition                                     CXCL16 surface expression (% Control)   Adhesion of CXCR6^+^ lymphocytes (% Control)   DiI-oxLDL uptake (% Control)
  --------------------------------------------- --------------------------------------- ---------------------------------------------- ------------------------------
  Control                                       100                                     100                                            100
  [l]{.smallcaps}-Hcy 200 μmol/L                182,27 ± 15,73^\*^                      191,80 ± 18,73^\*^                             180,27 ± 8,71^\*^
  [l]{.smallcaps}-Hcy 200 μmol/L+Tiron          120,29 ± 12,17                          128,29 ± 6,17                                  115,29 ± 2,70
  [l]{.smallcaps}-Hcy 200 μmol/L+isotype        \-                                      190,10 ± 8,73                                  \-
  [l]{.smallcaps}-Hcy 200 μmol/L +antiCXCL16    \-                                      120,10 ± 8,52                                  125,06 ± 2,57
  [l]{.smallcaps}-Hcy 200 μmol/L+Pioglitazone   \-                                      138,29 ± 4,17                                  122,03 ± 7,90
  [l]{.smallcaps}-Hcy 200 μmol/L+GW9662         \-                                      195,06 ± 8,81                                  195,063 ± 18,81
  [l]{.smallcaps}-Cys 200 μmol/L                113,41 ± 5,15                           118,41 ± 6,18                                  110,41 ± 5,21

n = 4 experiments; ^\*^*P*\< 0.05 *versus* Control.

Peritoneal recruitment of CXCR6~+~ lymphocytes after homocysteine injection
---------------------------------------------------------------------------

To study the potential involvement of CXCL16 in the proinflamma-tory activity of Hcy *in vivo*, Hcy or [l]{.smallcaps}-Cys were injected in the murine peritoneum and after 4 days cells were harvested from the peritoneal cavity by lavage. Flow cytometric analysis of these cells for expression of CXCR6 revealed that injection of Hcy but not [l]{.smallcaps}-Cys induced an accumulation of CXCR6^+^ lymphocytes ([Fig. 6](#fig06){ref-type="fig"}). Co-injection together with Pioglitazone or anti-CXCL16 antibody reversed the stimulatory effect of Hcy on the recruitment of CXCR6^+^ lymphocytes in the peritoneum which shows that the inflammatory effect of Hcy in this model involves the activity of CXCL16 and is down-regulated by activators of PPAR-γ. An ELISA sandwich system used to measure the soluble murine CXCL16 in the liquid collected after the peritoneal lavage showed an increase in CXCL16 after 200 μM [l]{.smallcaps}-Hcy injection to 131.78% of control. Co-injection with an antibody against CXCL16 or Pioglitazone diminished the detectable amount of CXCL16 to 96.69% or 90.17% of control, respectively. These data demonstrate that the recruitment of CXCR6^+^ cells is associated with the up-regulation of CXCL16.

![Recruitment of CXCR6^+^ lymphocytes following homocysteine injection in an *in vivo* model of peritoneal inflammation. [l]{.smallcaps}-Hcy increased the number of CXCR6^+^ lymphocytes as shown as% gated cells but [l]{.smallcaps}-Cys not. Co-injection of Hcy together with Pioglitazone or anti-CXCL16 antibody reversed Hcy\'stimulatory effect on the recruitment of CXCR6^+^ lymphocytes in the peritoneum (n = 3 experiments, \**P* \< 0.05 *versus* control; ^\$^*P* \< 0.05 *versus*[l]{.smallcaps}-Hcy 200 μM).](jcmm0012-1700-f6){#fig06}

Discussion
==========

Hyperhomocysteinemia has been recognized as a risk factor for atherosclerosis, but the pathobiological mechanisms by which it promotes vascular disease are still not completely understood. An association between Hcy, the transmembrane chemokine CXCL16 and recruitment of CXCR6^+^ lymphocytes has not been described in the literature. Our data show for the first time, that pathophysiolog-ical relevant concentration of Hcy up-regulates the CXCL16 expression on EC at mRNA and protein levels. The adhesion experiments of the present study provide conclusive evidence that Hcy induces more than twofold increase in adhesion of CXCR6^+^ lymphocytes to EC. Moreover, Hcy markedly up-regulates the scavenging activity of EC for oxLDL. Both effects are attributable to considerably enhanced CXCL16 expression, as they could be effectively blocked by an anti-human CXCL16 antibody. Therefore, the up-regulation and function of CXCL16 may provide a mechanistic link between hyperhomocysteinemia and its influences on the development and progression of vascular inflammatorydiseases.

Emigration and accumulation of T lymphocytes in the lesions already occurs during the earlier stages of atherosclerosis, perhaps even preceding that of monocytes \[[@b29]\]. As seen in ApoE-deficient mice maintained under high methionine diet, hyperhomocysteinemia may be involved in the pathogenesis of atherosclerosis by enhancing the T cell response \[[@b17]\]. Previous findings have indicated that Hcy induces the expression of MCP-1 and IL-8 in human aortic EC \[[@b14]\] and in human monocytes \[[@b31]\]. These chemokines are key attractants for neutrophils and monocytes \[[@b4]\]. Our data provide evidence that Hcy also induces CXCL16 which functions as a potent attractant and adhesionmolecule for CXCR6^+^ T lymphocytes \[[@b5]\]. The involvement of CXCL16 in atherosclerosis has first been suggested by the observation of its expression in atherosclerotic plaques \[[@b7]\]. Moreover, T cells co-localize with CXCL16-expressing EC in plaques \[[@b8]\] and T cell infiltration into the lesions has been found to be reduced in ApoE-deficient mice with targeted disruption of the CXCR6 gene \[[@b32]\]. In fact, our *in vitro* data demonstrate that CXCL16 significantly contributes to adhesion of CXCR6^+^ lymphocyte to Hcy-activated EC as demonstrated by inhibition experiments with a neutralizing antibody to CXCL16.

Lipid accumulation in the growing lesions and foam cell formation is a result of excessive lipid uptake by macrophages but also by EC \[[@b2]\]. Several recent studies have indicated that scavenging of oxLDL is also mediated by CXCL16 \[[@b8]\]. Our findings show that Hcy enhances binding and uptake of DiI-oxLDL by EC via CXCL16 in a dose-dependent and stereospecific way. The observation is supported by the efficiency of anti-human CXCL16 antibody to block the uptake of DiI-oxLDL by Hcy-treated EC. The residual scavenging activity of EC which was not blocked by neutralizing CXCL16 could show a potential synergistic collaboration between CXCL16 and other scavenger receptors, such as endothelial receptor for oxidized LDL (LOX-1) \[[@b33]\] that has been found to be up-regulated by homocysteine through oxidative stress at the gene expression level in cultured aortic EC \[[@b34]\].

Recently, CXCL16 gene deficiency in LDL receptor deficient mice was associated with accelerated atherosclerosis, despite a reduced capacity of macrophages to accumulate oxLDL. This could imply that the effecs of CXCL16 as a lipid scavenger in macrophages or EC are atheroprotective, while its function in T cell recruitment promotes lesion formation which would explain the lesion reduction observed in CXCR6-deficient mice \[[@b32]\].

Oxidative stress has been implicated in hyperhomocysteine-mia-induced endothelial dysfunction. PPARs known as proantiox-idants are expressed in vascular EC \[[@b21]\] and a negative correlation between high levels of Hcy and PPAR expression has been already demonstrated \[[@b38]\]. In a previous study we have shown that incubation of EA.hy926 cells and HUVECs with [l-,]{.smallcaps} but not withD-Hcy, increases ROS accumulation, activation of [nf-~k~b]{.smallcaps} and expression of ICAM-1 resulting in increased monocyte adhesion. Co-administration of Tiron reversed all these events and reduced NF-κB activity to control level \[[@b18]\]. Similar findings were reported by an independent study showing that incubation of EC with 100 and 200 **μ**M Hcy induced NF-κB nuclear translocation due to superoxide generation \[[@b39]\]. Our present study demonstrates that oxidative stress signals in Hcy-activated EC also affect the expression and function of CXCL16. Both the antioxidant Tiron and the PPAR agonist Pioglitazone are able to counteract Hcy\'s stimulatory effect on CXCR6^+^ lymphocyte adhesion to EC and uptake of ox-LDL by EC. These observations are in line with a previous study reporting that treatment with PPAR agonists, such as Rosiglitazone and Pioglitazone also down-regulate the expression of CXCL16 by human macrophages \[[@b40]\].

Taken together, these data suggest that Hcy, through production of ROS and by potential involvement of a PPAR-γ-dependent mechanism, induces up-regulation of CXCL16 and increases adhesion of lymphocytes to EC.

Whereas several studies describe the effects of Hcy on cultured cells, limited information exists on the effects of Hcy *in vivo*. Our *in vivo* experiments show that intraperitoneal injection of Hcy induces the recruitment of CXCR6^+^ inflammatory cells to the peritoneal cavity. This effect is at least in part mediated by CXCL16 as it is blocked by co-injection of Hcy with the CXCL16 neutralizing antibody. ELISA measurement of soluble CXCL16 in the peritoneal lavage of [l]{.smallcaps}-Hcy-treated mice confirmed that the enhanced recruitment of CXCR6^+^ cells is associated with the up-regulation of CXCL16 and both effects were consistently suppressed by co-administration of Pioglitazone. Although these experiments only represent a surrogate model for recruitment during atherosclerotic disease, they nevertheless underscore the pro-inflammatory effect induced by Hcy, which is at least partly mediated by the CXCL16/CXCR6 axis. Therefore, treatment with activators of PPAR-γ may be beneficial to counteract CXCL16 up-regulation in EC by Hcy and thereby limit CXCR6^+^ lymphocyte recruitment and inflammation within atherosclerotic lesions. These studies can be extended in the future to investigate the potential correlation between diet-induced hyperhomocysteinemia and presence of

CXCL16 and CXCR6 in the atherosclerotic lesions in ApoE-defi-cient mice. Future studies may thus bewarranted to check possible correlation between hyperhomocysteinemia and plasma levels of soluble CXCL16 in human subjects with different cardiovascular diseases and receiving different forms of treatment.
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[^1]: n = 4 experiments; \**P*\< 0.05 *versus* Control.
